In lung development, the apically constricted columnar epithelium forms numerous buds during the pseudoglandular stage. Subsequently, these epithelial cells change shape into the flat or cuboidal pneumocytes that form the air sacs during the canalicular and saccular (canalicular-saccular) stages, yet the impact of cell shape on tissue morphogenesis remains unclear. Here, we show that the expression of Wnt components is decreased in the canalicularsaccular stages, and that genetically constitutive activation of Wnt signaling impairs air sac formation by inducing apical constriction in the epithelium as seen in the pseudoglandular stage. Organ culture models also demonstrate that Wnt signaling induces apical constriction through apical actomyosin cytoskeletal organization. Mathematical modeling reveals that apical constriction induces bud formation and that loss of apical constriction is required for the formation of an air sac-like structure. We identify MAP/microtubule affinity-regulating kinase 1 (Mark1) as a downstream molecule of Wnt signaling and show that it is required for apical cytoskeletal organization and bud formation. These results suggest that Wnt signaling is required for bud formation by inducing apical constriction during the pseudoglandular stage, whereas loss of Wnt signaling is necessary for air sac formation in the canalicular-saccular stages.
INTRODUCTION
The mammalian lung develops through four consecutive stages: the pseudoglandular, canalicular, saccular and alveolar stages (Chao et al., 2015) . During the pseudoglandular stage [embryonic day (E) 9.5 to E16.5], lung epithelium shows stereotypical branching morphogenesis and columnar epithelial cells dynamically change their shape when new buds arise (Kadzik et al., 2014; Metzger et al., 2008) . During the subsequent canalicular and saccular (canalicularsaccular) stages (from E16.5 to postnatal day 5), air sacs emerge at the distal end surrounded by capillaries, and the lung epithelium differentiates into a mixture of cuboidal type II and flat squamous type I pneumocytes. Signaling pathways for branching morphogenesis have been well established. Fibroblast growth factor 10 (FGF10) is expressed in the distal mesenchyme and induces lung bud formation. Bone morphogenetic protein 4 (BMP4) is induced by FGF10 and locally restricts endodermal outgrowth, thereby inducing lateral outgrowth (Morrisey and Hogan, 2010; Weaver et al., 2000) . During the alveolar stage, myofibroblasts stimulated by vascular endothelial growth factor (VEGF) from type I pneumocytes play a crucial role in the formation of the secondary septa (Yang et al., 2016) . Thus, although the molecular mechanisms of branching morphogenesis and alveologenesis have been well studied, it is less clear how epithelial cells change their morphology from columnar cells during the pseudoglandular stage to flat and cuboidal cells during the canalicular-saccular stages, and whether their specific cell shapes are required for bud formation in the former stage and air sac formation in the latter stages.
During early lung development, several Wnt ligands are expressed in both epithelial and mesenchymal cells. There are two different pathways induced by Wnt signaling: the β-catenin pathway and the β-catenin-independent pathway. In the former pathway, Wnt signaling induces gene expression through β-catenin stabilization, and in the latter pathway, Wnt signaling regulates cell motility and polarity through cytoskeletal organization (Kikuchi et al., 2011) . Wnt2 and Wnt2b are expressed in the lung mesenchyme and play a pivotal role in lung endoderm specification, as their loss results in lung agenesis (Goss et al., 2009) . Wnt7b is exclusively expressed in the lung epithelium and is required for vascular system formation by inducing smooth muscle cell proliferation Shu et al., 2002) . Wnt2 and Wnt7b are cooperatively required for the mesenchymal β-catenin pathway in cultured cell lines and their simultaneous knockout causes defects in branching morphogenesis and proximal-distal specification (Miller et al., 2012) . The β-catenin pathway is consistently activated in the distal endodermal tip and surrounding mesenchyme during the early stage of lung development, as observed in a reporter gene-expressing murine model (Al Alam et al., 2011) , and is required for branching morphogenesis (De Langhe et al., 2005; Miller et al., 2012) as well as distal progenitor maintenance (Mucenski et al., 2003) . Although these studies reveal the importance of Wnt signaling in lung development, it remains unclear how the β-catenin pathway is involved in epithelial cell morphogenesis during lung development. Here, we investigated the role of Wnt signaling in lung epithelial morphogenesis during the transition from the pseudoglandular to the saccular-canalicular stages.
RESULTS
The apical actomyosin cytoskeleton in the lung epithelium is reorganized during the transition from the pseudoglandular to the canalicular-saccular stages Apical constriction is involved in bud formation during the pseudoglandular stage in vertebrate lung development (Kadzik et al., 2014; Kim et al., 2013) . Contractile activity at the apical cell surface was visualized with phospho-threonine-18 and serine-19 myosin II light chain ( ppMLC). Whereas ppMLC was dominantly localized to the apical cell surface and adherens junctions at E14.5 (the pseudoglandular stage), ppMLC was decreased and found throughout the cytoplasm at E17.5 (the canalicular-saccular stages) (Fig. 1A,B) . Concomitantly, F-actin was enriched at the apical surface and adherens junctions at E14.5 but was distributed to the basolateral cortex at E17.5 (Fig. 1A,B) . When the location of tension generated by actomyosin contractility was assessed with α18, an antibody that recognizes a form of α-catenin that is conformationally changed by actomyosin-mediated forces (Yonemura et al., 2010) , a strong signal was detected locally at adherens junctions but not the lateral membrane at E14.5, indicating that tension is generated around the apical perimeter (Fig. 1C,D) . This apically restricted α18 signal was diminished by E17.5 and redistributed to the basolateral cortex (Fig. 1C,D) .
To confirm apical cytoskeletal reorganization, an apically localized protein that anchors the actomyosin cytoskeleton to the apical cortex was assessed. In the E14.5 lung, podocalyxin (Podxl), an apically localized transmembrane protein (Bryant et al., 2014) , was clearly localized to the apical cortex of columnar-shaped cells in the distal end of the epithelium (Fig. 1E) . In the E17.5 lung, podocalyxin localization to the apical cortex in both cuboidal and flat squamous-shaped cells was decreased and detected in the cytoplasm and basolateral cortex (Fig. 1E,H) . Additionally, cells positive for podoplanin (Pdpn), a type I pneumocyte marker, or SP-C (Sftpc), a type II pneumocyte marker, lost apical podocalyxin localization, indicating that the apical actin cytoskeleton is globally reorganized during the canalicular-saccular stages ( Fig. 1F-H) .
Sftpc and Pdpn mRNA levels were significantly increased in the distal end of the E18.5 lung compared with that of the E14.5 lung (Fig. S1 ). At E18.5, among Wnt signaling components, Wnt7b, the Wnt receptors Fz1 (Fzd1), Fz7 (Fzd7) and Fz10 (Fzd10), and the β-catenin pathway target genes Lef1 and Dkk1 were significantly decreased whereas other signaling molecules, including Bmp4, Fgf9 and Fgf10, were not ( Fig. S1 ) . These findings prompted us to examine the possible involvement of Wnt signaling in the apical cytoskeleton reorganization during lung development.
The β-catenin pathway induces bud formation and is required for apical cytoskeleton organization
To examine whether modulation of the β-catenin pathway is required for apical cytoskeleton reorganization in vivo, Ctnnb1 (Ex3)fl/fl mice, in which exon 3 of the β-catenin gene (Ctnnb1) is flanked by loxP sites (Harada et al., 1999) were crossed with Ctnnb1 ;Cre] mice. By administering tamoxifen to pregnant mice at day 12.5 of gestation, Cre-mediated recombination was induced and β-catenin was stabilized in embryos at E17.5 (Matsumoto et al., 2016) . Compared with Ctnnb1 (Ex3)fl/fl (control) embryos at E17.5, ppMLC, α18 and Factin in adherens junctions and podocalyxin in the apical cortices of lung epithelium were clearly observed in Ctnnb1 (Ex3)fl/fl ;Cre embryos as seen in control embryos at E14.5 (Fig. 2) . The lung epithelium was composed of columnar-shaped cells in Ctnnb1 ;Cre embryos at E17.5, suggesting that downregulation of the β-catenin pathway is required for cell shape change and for apical cytoskeletal reorganization during the transition from the pseudoglandular to the canalicular-saccular stages.
Whether the β-catenin pathway is required for bud formation was examined using lung rudiments from E11.5 and mesenchyme-free epithelium from the same lung rudiments. Whereas the epithelium in control lung rudiments formed multiple buds during a 3-day culture, treatment with XAV939, an inhibitor of the β-catenin pathway that possibly affects cell proliferation (Goss et al., 2009) , reduced the distal bud number (Fig. 3A,B) . XAV939 treatment did indeed decrease the mRNA level of the β-catenin pathway target Axin2, but had no impact on epithelial cell proliferation during the culture period (Fig. S2A,B ). This suggests that decreased bud formation by inhibition of the β-catenin pathway is not caused by the loss of proliferative activity.
To examine whether the β-catenin pathway can induce epithelial bud formation, mesenchyme-free epithelium isolated from E11 lung rudiments was embedded in Matrigel and cultured in the presence of FGF10 (Nogawa and Ito, 1995) . In the presence of 200 ng/ml FGF10 (low FGF10), the lung epithelium initially formed buds within 2 days and then lost new bud formation activity (Fig. 3C) . When the lung epithelium was cultured with low FGF10 and 1 µM CHIR99021 (FGF10-CHIR), an agonist of the β-catenin pathway, uniformly sized buds (ranging from 80 to 160 µm) were continuously induced during 4-day culture (Fig. 3C,D) . Taken together, these results suggest the ability of the β-catenin pathway to induce bud formation.
It has been reported that the β-catenin pathway is involved in the proximal-distal specification of lung epithelium by suppressing the expression of Sox2, a proximal airway marker (Hashimoto et al., 2012; Miller et al., 2012) . In lung epithelium culture, CHIR99021 treatment decreased and increased mRNA levels of Sox2 and the distal progenitor marker SOX9 (Chang et al., 2013) , respectively (Fig. S2C ). This suggests that the morphological differences between lung epithelium cultured with low FGF10 and FGF10-CHIR are due to different cell type composition, the former being composed of proximal and the latter of distal airway epithelial cells. The β-catenin pathway upregulates FGF signaling during lung development by inducing expression of FGF receptors (FGFRs) such as FGFR2 and 4 (Fig. S2E) , raising the possibility that the effect of CHIR99021 on bud formation might be caused by distal progenitor maintenance through the upregulation of FGF signaling. To test this hypothesis, lung epithelium was treated with 500 ng/ml FGF10 (high FGF10). Whereas only Axin2 was upregulated in lung epithelium cultured with FGF10-CHIR, Sox2 and Sox9 mRNA levels were decreased and increased, respectively, in epithelium cultured with high FGF10 compared with low FGF10 (Fig. S2C ). SOX9-positive cells were localized to the tips of buds in lung epithelium cultured with either high FGF10 or FGF10-CHIR (Fig. S2D ), indicating that distal progenitors are maintained in both cultures. However, the number of buds in the lung epithelium cultured with high FGF10 was decreased compared with FGF10-CHIR (Fig. 3B,C) , and various sized buds (ranging from 40 µm to 280 µm) emerged during 3-to 4-day culture (Fig. 3C,D) . Therefore, these data suggest that, in addition to progenitor maintenance, the activation of the β-catenin pathway results in a gain-of-function ability to complement bud formation.
Whether the β-catenin pathway is required for the apical cytoskeletal organization of lung epithelium was then examined. Podocalyxin was only observed at the apical surface in the epithelium of lung rudiments (Fig. 3E) . In XAV939-treated rudiments, podocalyxin in the epithelium was not only distributed at the apical surface, but was also observed in the cytosol and lateral membrane, suggesting loss of apical cytoskeletal organization (Fig. 3E) . The distribution of ezrin, a marker of the apical cytoskeleton and podocalyxin binding partner (Bryant et al., 2014) , in XAV939-treated lung rudiments was clearly shifted to the basal and lateral membrane (Fig. 3E) . In mesenchyme-free epithelium culture, podocalyxin, ezrin and aPKCζ, a marker of apical-basal polarity, were localized at the apical surface in the presence of FGF10-CHIR, whereas apical distribution of podocalyxin, ezrin and aPKCζ was impaired and these proteins were observed in the basal and lateral membranes of the epithelium Fig. 1 . Apical cytoskeletal organization in the pseudoglandular (E14.5) and canalicular-saccular (E17.5) stages. (A) Frozen sections from embryonic lungs at E14.5 and E17.5 were stained with anti-E-cadherin (green) and anti-ppMLC (red) antibodies, and phalloidin (gray). Yellow and white arrowheads indicate the edge of apical and basal junctions, respectively. (B) Fluorescence intensities of ppMLC (top) and F-actin (bottom) localized at the edge of apical junctions, as shown in A, were normalized to that of basal junctions. The ratio is shown as arbitrary units. (C) Frozen sections from embryonic lungs at E14.5 and E17.5 were stained with anti-E-cadherin (green), anti-α-catenin (red) and α18 (gray) antibodies. Yellow and white arrowheads indicate the edge of apical and basal junctions, respectively. (D) Fluorescence intensities of α18 localized at the edge of apical junctions, as shown in C, were normalized to that of basal junctions. The ratio is shown as arbitrary units. (E) Frozen sections from embryonic lungs at E14.5 and E17.5 were stained with anti-Pdpn (green) and anti-E-cadherin (red) antibodies, and phalloidin (blue). Yellow and white arrowheads indicate the midpoint of apical and basal cortices, respectively. (F,G) Frozen sections from embryonic lungs at E17.5 were stained with anti-podocalyxin (green), anti-E-cadherin (red) and anti-SP-C (blue) antibodies (F); or with anti-podocalyxin (green), anti-E-cadherin (red) and anti-Pdpn (blue) antibodies (G). Yellow and white arrowheads indicate the midpoint of the apical and basal cortices, respectively. (H) Fluorescence intensities of podocalyxin localized at the midpoint of the apical cortices, as shown in E-G, normalized to that of the basal cortices were plotted and shown as arbitrary units. Unspecified, cell types that were not specified; SP-C + , SP-C-positive type II cells; Pdpn cultured with low or high FGF10 (Fig. 3F ). Taken together, these results suggest that the β-catenin pathway is necessary and sufficient for the induction of epithelial bud formation and apical cytoskeletal organization and, without it, bud morphology results in the loss of a uniform shape.
To obtain insight into the relationship between apical cytoskeletal organization and lung epithelial cell shape in the pseudoglandular and canalicular-saccular stages, the differentiation ability of cultured epithelium was examined. For this purpose, the tips of buds, which contain five to eight buds, were cut from primary lung epithelium ( passage 0, P0) cultured with FGF10-CHIR, and reembedded in Matrigel (P1). As observed in P0 epithelium, P1 lung epithelium also showed bud formation when cultured with FGF10-CHIR but not with low FGF10 (Fig. S3A ). When distal airway markers expressed during the pseudoglandular stage Treutlein et al., 2014) were examined, Sox11, another distal progenitor marker, and Sox9 were expressed in CHIR99021-treated P0 and P1 lung epithelium cultures, and Sox9 was increased in response to CHIR99021 more efficiently in P1 than in P0 culture (Fig. S3B ). Although SP-C was concomitantly expressed in CHIR99021-treated lung epithelium compared with low FGF10 (Fig. S3B,C) , SP-C is known to be expressed from the pseudoglandular stage (Treutlein et al., 2014) and CHIR99021-treated lung epithelium did not express SP-B or Abca3, mature type II pneumocyte markers Treutlein et al., 2014) . These data suggest that CHIR99021-treated lung epithelium is maintained in a distal progenitor state as seen during the pseudoglandular stage.
Interestingly, P1 lung epithelium cultured with low FGF10 expressed Pdpn at a higher level than CHIR99021-treated lung epithelium, suggesting that P1 epithelium cultured with low FGF10 is differentiated as observed during the canalicular-saccular stages (Fig. S3B,C). Microarray analysis in which P1 lung epithelium cultured with FGF10 was compared with that cultured with FGF10-CHIR showed that the former expresses type I and II pneumocyte-enriched genes and the latter expresses few pneumocyte markers (Fig. S3D ).
These data suggest that P1 lung epithelium cultured with FGF10-CHIR mimics progenitor cells in the distal end of the pseudoglandular stage and that cultured with low FGF10 mimics pneumocytes during the canalicular-saccular stages more efficiently The width of buds in the mesenchyme-free lung epithelium cultured with high FGF10 or with 200 ng/ml FGF10 in the presence of 1 µM CHIR99021 (FGF10-CHIR) was measured and shown as a frequency histogram. **P<0.05 (Mann-Whitney U-test). (E) Whole lung rudiments were treated with or without 5 µM XAV939 and stained with anti-podcalyxin (green), anti-ezrin (red) and anti-E-cadherin (blue) antibodies. Typical branches are shown and the boxed areas are enlarged below. (F) Left: mesenchyme-free lung epithelium cultured with low FGF10, FGF10-CHIR or high FGF10 was stained with anti-podcalyxin (green), anti-ezrin (red) and anti-atypical PKC (aPKC, blue) antibodies. Boxed areas in the top panels are enlarged below. Ap, apical; Ba, basal. Right: fluorescence intensities of podocalyxin (top) and ezrin (bottom) localized at the midpoint of apical cortices as shown in left panels normalized to that of basal cortices were plotted and shown as arbitrary units. Horizontal bars indicate median values for each plot. *P<0.0001 (Mann-Whitney U-test). n.s., not significant. Scale bars: 100 µm (A,F); 200 µm (C); 50 µm (E). than P0 epithelium. From these observations, P1 lung epithelium was used in subsequent experiments ( Fig. 4; Fig. S4 ) to analyze the effect of the β-catenin pathway on epithelial cell shape changes during the pseudoglandular and canalicular-saccular stages.
Apically constricted cell shape is induced by the β-catenin pathway
The impact of apical formation by the β-catenin pathway on lung epithelial cell shape change was examined using P1 lung epithelium. When lung epithelial cells were observed from the lateral side, the cells at the bud tips were elongated along the apicalbasal axis in a dose-dependent manner, but basal length was unchanged by CHIR99021 treatment in the presence of low FGF10 (Fig. 4A) . When the apical cortex area was compared with that of the basolateral cortex, the apical cortex was constricted at the tip of buds in CHIR99021-treated lung epithelium (Fig. 4B,C) . Apical constriction was partially relieved by treatment with Y27632, a Rho-kinase inhibitor (Fig. 4B,C) . These data indicate that activation of the β-catenin pathway induces a laterally extended and apically constricted cell shape in the lung epithelium. Concomitantly, myosin locally accumulated at the apical membrane in CHIR99021-treated lung epithelium (Fig. 4D) . Vinculin is an actin-binding protein known to be recruited to adherens junctions when the conformation of α-catenin is changed by actomyosin-mediated pulling forces (Yonemura et al., 2010) . Vinculin was clearly detected at both the apical membrane and cell-cell junctions after CHIR99021 treatment (Fig. 4D) . Thus, apical actomyosin contractility is locally increased by CHIR99021 treatment, resulting in the induction of apical constriction as seen at the pseudoglandular stage. Conversely, both myosin and vinculin decreased in the apical membrane in the absence of CHIR99021 as seen at the canalicular-saccular stages.
When lentivirus harboring Wnt2 was transduced into P0 lung epithelium to examine the effects of the β-catenin pathway on P1 lung epithelium, bud formation was induced in the absence of CHIR99021, and Sox9 expression was maintained (Fig. S4A-C) . Wnt2 expression also induced recruitment of podocalyxin to the apical membrane and constriction of the apical cortex, as was seen in lung epithelium cultured with FGF10-CHIR (Fig. S4D,E) . Taken together, the CHIR99021-treated lung epithelial model represents the functional roles of the β-catenin pathway in apical cytoskeletal organization as seen in the pseudoglandular stage although the possibility that CHIR99021 might induce off-target effects cannot be excluded.
Mathematical modeling shows that self-organized epithelial morphogenesis depends on apical constriction and outward movement of epithelial cells
To examine how cellular morphological changes induced by apical constriction affect lung epithelial tissue shape, a mathematical model of the abstract mechanical interaction between the cells of an epithelial cyst in two-dimensional space was developed. Without losing generality, we adapted a two-dimensional model by considering the shape of the cyst in cross-section. The cell was represented by four vertices that are shared between adjacent cells (Fig. 5A) . Cell shape change, movement and division were described by the movements and addition of vertices in the model. The possible effect of cell deformation accompanied by cell division on tissue morphology was omitted from the model, and the basic assumption that daughter cells evenly take over the area of mother cells was adopted (Fig. 5B) . Cells are considered to exert an elastic restoring force to maintain cell appearance (Luu et al., 2011; Nagai and Honda, 2001) . Vertices were assumed to move to maintain the length of the basal edge and cell perimeter based on our morphometric results (Fig. 4A-C ). Apical constriction was described as attractive forces between adjacent vertices on the apical side, which eventually lengthen the lateral edge (Fig. 5C ). In this study, the simplest assumption was adopted that the cellular property involved in regulating cell appearance, including apical constriction, is homogeneous throughout the cyst.
The tissue growth process, including progressive apical constriction, was described using the model framework ( Fig. 5D ; Movie 1). Computer simulation demonstrated that the cyst gradually develops uniformly sized buds composed of thickened cells. Despite the assumption that all cells exert constriction forces, buds and clefts spontaneously emerged. Although cells under apical constriction preferentially took a wedge-like shape, cell shapes were necessarily less wedged as the global curvature of the cyst was decreased by tissue growth. Mechanical instability occurs when the total energy of the deformed morphology is favorable compared with that of evenly rounded tissue. As a result, cells at clefts showed elongated apical sides to maximize highly curved regions within the cyst. The characteristic bud size (i.e. the wavelength of epithelial folds) depended on the spontaneous curvature of the wedge-like shape of the cell, which is determined by the collective mechanics between identical cells. This result was expected to be extended to three dimensions (Auth and Gompper, 2009 ). It was confirmed that uniformly sized buds are not induced when the magnitude of apical constriction is reduced, suggesting that apical constriction is required for reproducing regular bud formation as observed ( Fig. 5E ; Movie 2).
The effect of relaxation of apical constriction, as occurs in the canalicular-saccular stages, on cyst morphology was examined. Because the number of dividing cells was significantly reduced in E17.5 lung epithelium (Fig. S5) , the proliferation rate was also decreased after the reduction of apical constriction in the model. It was revealed that buds fail to unfold after apical constriction decay, though cells became thinner and their shapes were slightly smoothened ( Fig. 5F ; Movie 3). Growth factor signaling mediates both proliferation and outward movement of lung epithelium (Morrisey and Hogan, 2010; Weaver et al., 2000) . The force pulling basal vertices in directions perpendicular to the basal ridge was introduced throughout the course of elevation and reduction of apical constriction ( Fig. 5H ; Movie 4). Bud unfolding, as seen in air sac-like structure formation, was successfully reproduced. We confirmed that unfolding fails when apical constriction is sustained ( Fig. 5I ; Movie 5). These results imply that lowered apical constriction in the presence of outward movement is required for air sac formation.
To evaluate whether the effects of the β-catenin pathway on the apical cytoskeleton and cell shape are cell-autonomous, adenomatous polyposis coli (Apc), a negative regulator of the Wnt pathway, was depleted in the lung epithelium to activate the β-catenin pathway in a mosaic fashion. An active (nonphosphorylated) form of β-catenin was detected in a mosaic fashion and ezrin was accumulated at the apical cortex of epithelial cells compared with the surrounding cells where β-catenin was not detected (Fig. S6A,B) , suggesting that activation of the β-catenin pathway induces apical cytoskeletal organization in a cell-autonomous manner. However, local deformation of the cells in which the β-catenin pathway is activated was not observed, and the mathematical model suggested that the result of the mosaic experiment depends on the balance between the force for apical constriction and neighboring cell shapes (Fig. S6C) . 
Mark1 is induced in lung epithelium downstream of the β-catenin pathway
To identify the molecular mechanism underlying Wnt-driven apical cytoskeletal organization, possible candidates were interrogated from the microarray data that was used to generate Fig. S3D . Among the genes increased by CHIR99021 treatment, we focused on MAP/microtubule affinity-regulating kinase 1 (Mark1). Mark1 is a Mark2/Par1b homolog, and Mark2 is a multifunctional kinase that directly or indirectly phosphorylates various substrates including cytoskeleton-associated proteins, such as MAPs and myosin, and the regulator of epithelial polarity Par-3 (Pard3), thereby regulating columnar epithelial cell shape (Böhm et al., 1997; McDonald, 2014) . Mark1 was expressed in both lung epithelium and mesenchyme at E14.5 and, interestingly, it was distributed in the apical cytoplasm and in apical junctions in the epithelium (Fig. 6A,  B) . In the E17.5 lung, Mark1 expression in the mesenchyme was still observed, but the expression was decreased in the epithelium (Fig. 6A,B) . When Mark1 shRNA was introduced into the lung epithelium, the fluorescence intensity of apically localized Mark1 staining was decreased (Fig. S7A) . The expression level of Mark1 mRNA was higher in the periphery of the E14.5 lung compared with that of the E18.5 lung (Fig. 6C) . Mark1 mRNA expression was induced by CHIR99021 treatment in a dose-dependent manner in the presence of low FGF10, but FGF10 alone up to 2000 ng/ml did not affect Mark1 mRNA levels (Fig. 6D ). Mark1 mRNA was increased when the lung epithelium was infected with lentivirus harboring Wnt2 or a constitutively activated form of β-catenin (Fig. 6D) . By contrast, Mark1 mRNA was decreased when lung rudiments were treated with XAV939 (Fig. 6D) . A chromatin immunoprecipitation (ChIP) assay using E13.5 lung rudiments showed that β-catenin is recruited to the predicted Tcf/LEF1 binding region in the 5′-untranslated region of Mark1 (Fig. 6E) . These data suggest that Mark1 is a possible downstream target of the β-catenin pathway during the pseudoglandular stage.
Mark1 is involved in apical cytoskeleton organization
When the lung epithelium was infected with lentivirus harboring Mark1 shRNA, the bud number was reduced and irregularly sized buds were generated ( Fig. 7A-C; Fig. S7B-D) . Apical localization of ZO-1 (Tjp1), a tight junction marker, was redistributed to the basal side in Mark1-depleted lung epithelium despite the presence of CHIR99021 (Fig. 7D ), indicating that cell height was partly shortened (see supplementary Materials and Methods). Ezrin was observed in the basal side of the Mark1-depleted lung epithelium despite the presence of CHIR99021 ( Fig. 7E; Fig. S7E ). Myosin was not localized apically in Mark1-depleted lung epithelium (Fig. 7F) . These results suggest that Mark1 is involved in apical cytoskeleton organization downstream of the β-catenin pathway during lung epithelial bud formation.
DISCUSSION
Although it is well known that cellular morphology drastically changes during the transition from the pseudoglandular to the saccular stages of lung development, the impact of cell shape change on tissue morphological changes has not been adequately addressed. Here, we showed that modulation of Wnt activity has a differential impact on epithelial cell shape through apical cytoskeletal reorganization, leading to tissue morphological changes. The expression levels of Wnt ligand and Wnt signaling molecules were decreased in the canalicular-saccular stages, and genetically constitutive activation of the β-catenin pathway impaired apical cytoskeletal reorganization in vivo. In cultured embryonic lungs, the β-catenin pathway was required for the apical cytoskeletal organization and uniformly sized bud formation. As ectopic activation of the β-catenin pathway in fetal lung expands Sox9-expressing epithelial cells (Hashimoto et al., 2012) , the . The degree of apical constriction was set as k a =5 initially, and increased by 0.0012 at each time step to k a =293. The cell number changed from 40 (t=0) to 272 (t=24×10 4 ). (E) The corresponding calculation to that described in D was performed, but with k a =5 throughout. A snapshot at t=24×10 4 is shown. (F) After the process shown in D, the value for k a was reduced by 0.0035 at each time step until k a reached 0.5 and cell division probability was set at p=1.2×10 −6 for an additional 12×10 4 time steps. A snapshot at time step t=34×10 4 is shown and the cell number is 306. (G) Basal vertices were assumed to move radially, and the extent of outward movement was defined as k m =1. (H) Snapshots at time steps t=0, 24×10 4 and 34×10 4 are shown. Cell division probability was set at p=0.8×10
−5 until t=24×10 4 , and p=0.8×10 −6 afterwards. The degree of apical constriction was set as k a =5 initially, increased by 0.0012 at each time step to k a =293 until t=24×10 4 , and reduced by 0.0035 until k a reached 0.5. The number of cells increased from 40 (t=0) to 147 (t=24×10 4 ) and 153 (t=34×10 4 ). (I) The corresponding calculation to that described in H was performed, but k a =293 was sustained after t=24×10
4
. A snapshot at time step t=34×10 4 is shown.
β-catenin pathway might induce bud formation through the expansion of the distal progenitors. However, our results revealed that apical cytoskeletal organization and uniformly sized buds are only induced by FGF10-CHIR but not by high FGF10, although high FGF10 induced Sox9 expression to the same extent as FGF10-CHIR. We identified Mark1 as a downstream effector of the β-catenin pathway and showed that apical cytoskeletal organization was disrupted in Mark1-depleted lung epithelium cultured with FGF10-CHIR. Altogether, these results suggest that the β-catenin pathway regulates the apical cytoskeletal organization independently of distal progenitor maintenance.
Development of the actomyosin network in the apical membrane and adherens junctions is required for contractile force generation during apical constriction (Martin and Goldstein, 2014) . We showed that the β-catenin pathway is required for apical constriction through apical cytoskeletal organization in the lung epithelium. Myosin is recruited apically by Mark1 downstream of the β-catenin pathway and force is generated apically. At present, the precise mechanism of apical cytoskeletal organization by Mark1 is unclear. As Mark proteins regulate microtubule stability (McDonald, 2014) and microtubule stability is involved in apical constriction (Fernandes et al., 2014; Lee and Harland, 2007) , it is possible that organization of the microtubule array by Mark1 is involved in apical constriction. Mark proteins also indirectly regulate myosin activity. However, although MARKs activate myosin function in border cell migration during Drosophila development (Majumder et al., 2012) , myosin activity is suppressed by Mark proteins during lumen polarity formation in MDCK cells (Lázaro-Diéguez et al., 2013) . Direct substrates of Mark1 in the lung epithelium need to be identified in the future.
To examine the role of MARK1 in vivo, mutant animals were generated using the triple CRISPR method (Sunagawa et al., 2016) . Synthesized Cas9 mRNA and guide RNAs (gRNAs) were microinjected into cytoplasm of B6C3F1 one-cell embryos (Fig. S8A) . E14 embryos were obtained and they were all mutant animals as confirmed by quantitative PCR (Fig. S8B) . Although shRNA-mediated Mark1 knockdown in the lung epithelium disrupted apical cytoskeleton, these mutant embryos did not exhibit obvious effects on epithelial morphology and the apical cytoskeletal organization (Fig. S8C) . As it has been suggested that genetic compensation can be induced by genome editing but not by knockdown (Rossi et al., 2015) , the defect in Mark1 mutant embryos might have compensated for by other Mark family kinases, such as Mark2.
Our simulation model is novel in that it suggests the significance of apical contractility regulation in the switch from bud formation to sacculation. With growing attention to the concept of mechanical deformation to explain a variety of morphogenetic events (Ciarletta et al., 2014; Drasdo, 2000; Savin et al., 2011; Takigawa-Imamura et al., 2015; Varner et al., 2015) , branching formation based on physical buckling (Varner et al., 2015) and local apical constriction (Kim et al., 2013) have been proposed as mechanisms of bud formation. In our model, apical constriction was assumed to occur globally within the cyst, and uniformly sized buds emerge spontaneously without pre-patterning of protruding regions. The same model also showed that by maintaining apical constriction, the air sac-like structure failed to form, suggesting that loss of apical constriction is necessary for air sac structure formation during the canalicular-saccular stages. However, cell flattening was not induced by XAV939 in whole lung rudiments. As the mathematical model showed, loss of apical constriction was not sufficient for air sac-like structure formation and an associated outward movement was required. In order to understand fully this observation, it will be necessary to identify the other signaling pathways that induce outward movement during the canalicular-saccular stages in vivo.
MATERIALS AND METHODS

Isolation and culture of embryonic lung rudiments and epithelium
Whole lung rudiments were isolated from 11.5-day-old ICR mice and placed on transwell filter supports (Corning). The lower chamber was filled with organ culture medium [DMEM:F12 (1:1) containing 0.1% bovine serum albumin (BSA), 75 ng/ml ascorbic acid (Nakarai, Kyoto, Japan) and 25 ng/ml transferrin (Thermo Fisher Scientific)]. For lung epithelium culture, lung epithelium from embryonic ICR mice was isolated and cultured as previously reported (Nogawa and Ito, 1995) with modifications. For further details, see supplementary Materials and Methods.
Mice
Protocols used for all animal experiments in this study were approved by the Animal Research Committee of Osaka University, Japan (No. 21-048-1). All animal experiments were carried out according to Osaka University guidelines for the care and use of experimental animals. Tamoxifen administration in mice was performed as previously described (Matsumoto et al., 2016) . Mark1 mutant mice were generated using the triple CRISPR method as previously described (Sunagawa et al., 2016) .
Lentivirus production and infection
Lentivirus production and infection was carried out as previously described (Fumoto et al., 2012) with modifications. For further details, see supplementary Materials and Methods.
In situ hybridization
For in situ hybridization, unfixed E14.5 or E17.5 lungs were frozen in OCT compound (Sakura Finetek, Tokyo, Japan). Mark1 cDNA that was amplified using specific primers (forward: 5′-GTACCGCATCCCCTTCTACA-3′; reverse: 5′-GGCTGCTGTCTCTTCCATTC-3′), was cloned into the pCRII vector (Thermo Fisher Scientific). To generate RNA probes, digoxigeninlabeled antisense or sense RNA probes were synthesized with the DIG RNA Labeling Mix Kit (Sp6/T7; Roche Diagnostics). Ten-µm-thick sections were hybridized with RNA probes and incubated with anti-digoxigenin AP Fab fragments (Roche Diagnostics). Specific signals were visualized with BM-Purple (Sigma Aldrich).
Immunostaining
Freshly frozen embryonic lungs were sectioned at 18 μm, fixed in 4% paraformaldehyde (PFA) and blocked in blocking buffer (PBS containing 1% BSA and 0.3% Triton X-100). Samples were incubated with antibodies diluted in blocking buffer for 1 h or overnight, washed three times, and then stained overnight with secondary antibody diluted in blocking buffer. After washing, samples were covered with PBS containing 50% glycerol. Cultured lung epithelium was isolated from Matrigel using Cell Recovery Solution (BD Biosciences) and fixed with 4% PFA at room temperature for 30 min or 100% cold methanol at −20°C for 1 h. After blocking, the lung epithelium was stained as described above. All images were observed using a LSM880 and Lightsheet Z.1 (Carl Zeiss Microscopy). See supplementary Materials and Methods for details of antibodies.
EdU incorporation assay
EdU (5-ethynyl-2′-deoxyuridine) incorporation was performed using a Click-iT EdU Alexa555 Kit (Thermo Fisher Scientific). Whole lung rudiments were treated with EdU for 30 min. Proliferating lung epithelium was measured by quantifying the proportion of EdU-positive cells per total cells in the distal end.
Quantitative real-time PCR
Quantitative PCR was performed as previously described (Hino et al., 2005) . Primers used for this analysis are summarized in Table S1 .
Quantification of fluorescence intensity
Cell-cell junctions were visualized by E-cadherin (cadherin 1) and ezrin staining, and the fluorescence intensities of ppMLC, F-actin, α18, MLC and vinculin at the edge of apical and of basal junctions along the basolateral membrane (indicated by arrowheads in figures) were measured using ImageJ. For quantification of podocalyxin staining, the fluorescence intensities at the midpoint of the apical and basal cortices were measured. The fluorescence intensities of apical side were divided by that of the basal side. Normalized fluorescence intensities are expressed as arbitrary units.
Model description
The mechanical model of a cyst composed of a single layer of epithelial cells in two-dimensional space was constructed. For further details, see supplementary Materials and Methods.
Microarray analysis
Microarray analyses were performed using P1 lung epithelium cultured with low FGF10 and FGF10-CHIR. The mRNA expression profile was produced by Bio Matrix Research (Chiba, Japan) using gene microarray technology (GeneChip Affymetrix.GeneChip.Mouse430_2, Affymetrix, Santa Clara, CA, USA). After data analysis, the log fold change between the hybridization intensities of low FGF10 and FGF10-CHIR was determined. The data reported in this article have been deposited in NCBI GEO under accession number GSE83391.
Chromatin immunoprecipitation (ChIP) assay E13.5 ICR lung rudiments were used in a ChIP assay. For further details, see supplementary Materials and Methods.
Statistical analysis
Experiments were performed at least three times and results are expressed as mean or mean±s.d. Statistical analysis was performed using a paired Student's t-test and Mann-Whitney U-test. For each quantification, at least 50 cells from at least three sections or lung epithelia were counted per experiment. P-values less than 0.05 were considered statistically significant.
